Timber management directly influences the population dynamics of tree species, like Copaifera spp. (copaíba), which provide oil-resin with ecological and economic importance. The aim of this study was to evaluate the structure and population dynamics of Copaifera in unmanaged and managed stands by reduced-impact logging (RIL) in eastern Amazon in Pará state, Brazil. Based on a stem map of the study area, 40 Copaifera trees were randomly selected, where an equal number of trees were selected in managed and unmanaged stands. A transect of 10 × 100 m was centered at each tree (50 m each side) to assess Copaifera regeneration. Transects were subdivided into ten plots, of which six were systematically chosen to assess the height, diameter and number of Copaifera seedlings and saplings. The field assessment occurred in 2011 and 2013. To estimate the amount of sunlight transmitted to the forest floor, we computed canopy cover from airborne LiDAR data. According to the results, the abundance of Copaifera seedlings/saplings was higher in managed than unmanaged stands. About 5% of Copaifera regeneration was found between 45-50 m from the Copaifera tree while~73% of regeneration was concentrated within a 10 m radius of the Copaifera tree. We verified that the diameter distribution of Copaifera regeneration was not a negative exponential distribution, as is typical of most tree species in natural forest. Rather, the Copaifera regeneration had a spatially aggregated distribution. In this short-term analysis, the impact of timber management is not negatively affecting the population structure or dynamics of Copaifera regeneration.
Introduction
The Amazon rainforest covers nine countries in Latin America and more than half of its area is located in Brazil. This biodiverse forest covers about 49% of Brazil [1] . However, due to deforestation this percentage is decreasing every day. In 2012, it was recorded that 20% of the Brazilian Amazon forest area had been deforested [2] , resulting in multiple negative consequences including an increase in carbon dioxide (CO 2 ) emissions into the atmosphere, damages to soil and water resources, and loss 
Selection and Measurement of Copaifera
The study area covers ~5000 hectares and is divided into smaller areas, locally called work units (WU), but heretofore referred to as stands, which range in size from 40 to 100 ha. Managed stands were located in the same forest type, climate, and edaphic conditions as unmanaged stands. The census was conducted in WU and all trees with diameter at breast height (DBH; 1.30 m) ≥35 cm were measured. The density of Copaifera trees in the study area is about 0.22 trees ha −1 , and based on the stem maps (census) provided by the IFT field team, in three managed stands (harvested in [2007] [2008] and two unmanaged stands, a total of 40 Copaifera trees were randomly selected (20 trees in each environment). The botanical identification of Copaifera trees was made first by IFT workers, who differentiated species as either white (Copaifera reticulata Ducke) or black (C. duckei Dwayer), 
The study area covers~5000 hectares and is divided into smaller areas, locally called work units (WU), but heretofore referred to as stands, which range in size from 40 to 100 ha. Managed stands were located in the same forest type, climate, and edaphic conditions as unmanaged stands. The census was conducted in WU and all trees with diameter at breast height (DBH; 1.30 m) ≥35 cm were measured. The density of Copaifera trees in the study area is about 0.22 trees ha −1 , and based on the stem maps (census) provided by the IFT field team, in three managed stands (harvested in 2007-2008) and two unmanaged stands, a total of 40 Copaifera trees were randomly selected (20 trees in each environment). The botanical identification of Copaifera trees was made first by IFT workers, who differentiated species as either white (Copaifera reticulata Ducke) or black (C. duckei Dwayer), and then by a botanical expert after the branches with flowers and fruit were collected in the first evaluation in 2011.
In November of 2011, regenerating Copaifera seedlings and saplings surrounding the 40 randomly selected Copaifera trees were tallied in 10 × 100 m transects centered at each tree. For consistency purposes, the transects were oriented North-South ( Figure 1 ), but as the study area is located close to the Equator line, the chosen orientation is not impacting the Copaifera regeneration assessment. Transects were subdivided into 10 plots of 10 m × 10 m ( Figure 1 ). In plots 1, 3, 5, 6, 8 and 10, seedlings and saplings of Copaifera were mapped and measured without size criteria (height and diameter). In each of the sample plots, we measured the total height (Ht) of regenerating Copaifera with a graduated ruler and the diameter at ground height (DGH) using a digital caliper with an accuracy of 0.01 mm. In August of 2013, the Copaifera regeneration was re-evaluated with respect to their growth or death, adopting the same criteria and observations as in the first evaluation in 2011. We defined the seedling as a plant in the emergency stage until the appearance of the first pair of leaves and drying of cotyledons; and the sapling as a plant with more than a pair of leaves and height ≤1.30 m.
Regeneration of Copaifera

Demographic Rates
Initially, 40 Copaifera trees were randomly chosen for the regeneration study; however, in the second evaluation in 2013, two trees, one in each treatment (managed and unmanaged) were found fallen in the forest, making these sites inaccessible to assess the Copaifera saplings or seedlings.
Copaifera regeneration (saplings and seedlings) observed within the 38 transects in 2011 and 2013 period were assessed with respect to the density per hectare, rates of mortality, recruitment, and growth and compared between managed and unmanaged stands.
Based on Sheil et al. [27] , changes in population size were assumed by time interval in constant proportion to the initial population size, and the mean annual rates of mortality (M) Equation (1) and recruitment (R) Equation (2) were thus calculated:
where t is the elapsed time between the inventories; N 0 and N t are, respectively, the initial and final counts of Copaifera regeneration; m and r are, respectively, the number of Copaifera regeneration dead and recruited. The periodic growth increments of diameter and height (mm/month; cm/month) of the Copaifera regeneration were calculated as the difference in measurements between the two periods, divided by the elapsed time (months) between the two measurements. Spearman's correlation coefficient [28] was used to verify the relationship between the Ht and DGH variables of the regenerating individuals. To test the significance of a value obtained from ρ under the null hypothesis (the variables are not associated), the Student t test was performed (α = 0.05 critical value). The Wilcoxon-Mann-Whitney test for two independent samples, at α = 0.05, was used to verify differences between average values of density, mortality, and recruitment rates of Copaifera regeneration in both stands (managed and unmanaged) [29] .
Modeling of Mortality and Survival
Logistic regression analysis was performed to assess if regeneration mortality and survival changes as a function of diameter and height of the Copaifera regeneration, and distance from Copaifera trees in managed and unmanaged environments. The logistic model Equation (3) predicts the probability of occurrence ranging continuously between 0 and 1. This method assigns '1' to the event of survival and a '0' to mortality [30] . The logistic regression model is:
where Y is the dependent variable (1 or 0), x 1 to x p are independent variables [diameter (mm), height (cm), and distance (m)], β 0 is the intercept, and β 1 to β p are parameters; is error. The model was developed using the maximum likelihood method [31] . The logarithm of the likelihood was used rather than the likelihood itself in model fitting because it is a monotonically increasing function of the likelihood and is easier to differentiate and maximize [32] . Standard tests and statistics were used for logistic regression, namely the likelihood ratio test and Wald's test (α = 0.1b critical value). Validation of the models was done studying the performance of the functions. No specific validation data sets were set aside for later use. All statistical analyzes were performed with R version 3.0.2 [33] . 
Forest Canopy Cover
Due to trees felling and movement of machinery during RIL operations, different forest environments are created. In this way, the managed and unmanaged stands are different because of light transmittance to the forest floor. The amount of sunlight transmitted through the forest canopy was indicated by measures of forest canopy cover [COV (%)] derived from airborne LiDAR (Light Detection and Ranging) data. LiDAR data were acquired in 2012, with the Optech ALTM 3100 sensor, as part of the Sustainable Landscapes Brazil joint project of the Brazilian Corporation of Agricultural Research Corporation and the United States Forest Service. The total area covered by the lidar survey was 1200 ha. The LiDAR data attributes and flight characteristics are detailed in Table 1 . The LiDAR-derived COV has been widely used as one of the most important LiDAR-derived metrics for predicting forest structure attributes such as biomass, basal area, and volume (as example: [34] [35] [36] . In this study, we established 17 random transects of 935 m × 100 m both in managed and unmanaged areas to compute COV Equation (4) . For each transect, COV was computed according to Equation (4), using the CloudMetrics and GridMetrics tools from FUSION/LDV version 3.42 [37] , above a height threshold of 0.5 m and at 1 m height increments up to 30 m:
where: COV x = canopy cover (%) above x height; x = break heights.
Results
Copaifera Regeneration
The total numbers of Copaifera saplings and seedlings sampled in 2011 and 2013 were 533 and 707, respectively. The sampled environments (managed and unmanaged stands) differed in density (Table 2) , with about 90% of the regeneration observed in the managed stands in both 2011 and 2013. Mortality and recruitment rates did not differ significantly between managed and unmanaged stands ( Table 2) , although the recruitment rate was lower in unmanaged than in managed stands.
The managed stands had higher values of average growth Ht and DGH monthly ( Table 2 ). Distributions of Ht and DGH were positively skewed and significantly differed when compared across managed and unmanaged stands ( Figure 2 ). Copaifera saplings greater than one meter in height were found only in managed stands (Table 3; Figure 2 ) at a distance >21 m from the Copaifera tree.
In the Spearman correlation (ρ) analysis, for both periods and stands, we observed positive and significant correlations that ranged from moderate (0.40 to 0.69) to strong (0.70 to 0.89) ( Table 3 ). This indicates that the Ht increases in the same proportion as the increase in Copaifera regeneration diameter (DGH) ( Figure 2 ). Significance: "n.s.": p > 0.05; "**": p < 0.01; "***": p < 0.001; 1 : W = 36; p = 0.0139; 2 : W = 90; p = 0.0081; 3 : W = 233; p = 0.1203; 4 : W = 188; p = 0.8366; DGH = diameter at ground height; Ht = total height. 
Spatial Distribution and Modeling of Mortality and Survival
Copaifera regeneration increased in the managed stands compared to the unmanaged stands (Table 2) after two years. In general, for both evaluation times and the two treatments, ~5% of Copaifera regeneration was observed 45-50 m from the Copaifera tree and ~73% of regeneration was concentrated less than 10 m radius from the Copaifera tree.
The logistic model fitted to predict the probability of mortality/survival Equation (5) of Copaifera regeneration in managed stands was:
where CopSurv is the probability of Copaifera regeneration to survive in the stand; DGH (mm) of regeneration; Ht is the total height (cm) of regeneration; and Dist is the distance (m) between the regeneration and the Copaifera tree. All coefficients were significant at the α = 0.10 critical value as judged by the Wald statistic [30] (Table 4 ). Diameter contributes most to a higher probability of survival and this probability also increases with higher height and higher distance (Equation (5), Table 4 ). In the managed stands, the mortality rate was 82% up to 10 m away from the Copaifera tree, but only 5.7% was observed at a 
Copaifera regeneration increased in the managed stands compared to the unmanaged stands ( Table 2 ) after two years. In general, for both evaluation times and the two treatments,~5% of Copaifera regeneration was observed 45-50 m from the Copaifera tree and~73% of regeneration was concentrated less than 10 m radius from the Copaifera tree.
where CopSurv is the probability of Copaifera regeneration to survive in the stand; DGH (mm) of regeneration; Ht is the total height (cm) of regeneration; and Dist is the distance (m) between the regeneration and the Copaifera tree. All coefficients were significant at the α = 0.10 critical value as judged by the Wald statistic [30] (Table 4 ). Diameter contributes most to a higher probability of survival and this probability also increases with higher height and higher distance (Equation (5), Table 4 ). In the managed stands, the mortality rate was 82% up to 10 m away from the Copaifera tree, but only 5.7% was observed at a distance of 40-50 m away from the Copaifera tree. Also, in the unmanaged stands, this same pattern of Copaifera regeneration concentrated near the Copaifera tree was observed ( Table 2 ). In the regeneration model for unmanaged stands, all the coefficients were non-significant at the 0.1 level as judged by the Wald statistic [30] (Table 4 ). Significance: "n.s.": p > 0.05; "***": p < 0.001; "*": p < 0.05; ".": p < 0.1
Forest Canopy Cover
The unmanaged stands showed higher COV values than the managed stands ( Figure 3A,B) . Average COV considering all selected height breaks were 83.31% and 73.86% for the unmanaged and Significance: "n.s.": p > 0.05; "***": p < 0.001; "*": p < 0.05; ".": p < 0.1
The unmanaged stands showed higher COV values than the managed stands ( Figure 3A,B) . Average COV considering all selected height breaks were 83.31% and 73.86% for the unmanaged and managed stands, respectively. The COV was differentiated into height breaks at unmanaged and managed stands, with the largest difference found in heights ranging from 5 to 25 m ( Figure 3C and Figures 4 and 5) . 
Discussion
Effects of Reduced-Impact Logging on Population Dynamics of Copaifera
Diameter and height growth rates of Copaifera saplings and seedlings, based on two years of monitoring, were higher in managed than unmanaged stands ( Table 2 ). Saplings with height above 1 m were found just in managed stands (Table 1) . Likewise, the density of regenerating Copaifera was higher in managed stands in both 2011 and 2013. However, mortality and survival probability in Copaifera regeneration did not differ between managed and unmanaged stands. Therefore, gaps 
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Discussion
Effects of Reduced-Impact Logging on Population Dynamics of Copaifera
Diameter and height growth rates of Copaifera saplings and seedlings, based on two years of monitoring, were higher in managed than unmanaged stands ( Table 2 ). Saplings with height above 1 m were found just in managed stands (Table 1) . Likewise, the density of regenerating Copaifera was higher in managed stands in both 2011 and 2013. However, mortality and survival probability in Copaifera regeneration did not differ between managed and unmanaged stands. Therefore, gaps formed by timber management activities appear not to affect mortality or survival rates, but rather the population structure (diameter and height). Total height, DGH and distance from the mother's tree were significant in managed stands.
Diameter and height growth were highly variable and may be associated with genetic factors and environmental conditions (light, dry weather, and soil fertility) [38] . The growth rate and density of regeneration is likely related to mortality (predation and competition), wherein increased mortality may be attributed to other factors, such as increased competition for water and nutrients over time, or the occupation of the area by invasive or pioneer plants [39] . Additionally, variations in recruitment rate may be related to the quantity and viability of fruits and seeds produced by the mother tree [39] . An increasing Copaifera regeneration rate in the second assessment, as was also observed by [40] over the same two years survey interval, may be related to an additional factor: the seed germination process, which occurred when environment conditions (e.g., light and soil) were suitable. Flowering and fruiting may have been higher prior to the second evaluation than prior to the first assessment, resulting in increased density of recruits. However, we observed flowering and fruiting just during the first assessment. The time of flowering and fruiting of C. reticulata and C. duckei occurring in this area is unknown. These phenological processes could vary from annually, biannually or longer for Copaifera spp. [41, 42] , as observed in many tropical species [11] . It would take a longer period of observation to verify the timing of these phenological processes and the intensity of viable seed production.
Several factors interact and can contribute to variation in population dynamics. In our study area, the size and quantity of gaps is closely linked to the number and size of Copaifera recruits, which were larger in managed stands. Copaifera are heliophilic species that are not shade-tolerant but respond to higher light availability in small clearings for its development [40] and can survive for long periods in a suppressed state [43] . Higher diameter and height growth was also observed by Elias [43] for Copaifera multijuga in areas with more light (Figures 3 and 4 ), although the author also observed a lower survival rate of C. multijuga in areas with greater light availability (i.e., grassland). In the study area, clearings in managed stands possibly were formed by skid trails and by the felling of other trees during commercial tree harvest operations (Figure 4 ). In Figure 5 , we can observe a larger number of returns derived from LiDAR penetrating the canopy and reaching the ground of forest in the managed stands. Clearings allow greater sunlight penetration to stimulate regeneration. The minimum incident radiation (0.2 to 6.5%), which usually occurs in forests with denser canopy, can be enough to cause micro-climatic changes and influence tree recruitment and growth [44] , regardless of the environmental group or genetic factors of the species concerned [45] .
Effects of Reduced-Impact Logging on Diameter Distribution of Copaifera
Our findings indicate that there is considerable variation in diameter distributions of Copaifera regeneration depending on stand management and on time period (2011 and 2013). The shape of the diameter distribution of regeneration was not negative exponential (i.e., inverted J). Negative exponential diameter and height distributions for Copaifera regeneration were observed by Resende [12] and Rigamonti-Azevedo [46] , unlike our results (Table 4 ). Resende et al. [12] observed a change in distributional shape over a three year observation period, wherein the number of regenerating Copaifera in smaller diameter classes decreased, but increased in the largest diameter class. However, we observed Copaifera regeneration presence in all diameter classes and an increasing number of recruits in the larger classes of managed stands, in contrast with unmanaged stands. Probably, the more open canopy in managed stands favored the germination, growth and development of the regeneration of Copaifera. Diameter distributions that are not negative exponential, as in both the managed and unmanaged stands, can be attributed to many self-regenerating populations [47] and shade tolerant species [39] . Longer term monitoring will be necessary to check if the number of recruits will decrease in smaller size classes and increase in larger size classes. If greater development of Copaifera in managed stands were observed over the longer term, forest management interventions to facilitate the entry of light near Copaifera trees could be an alternative to benefit Copaifera regeneration. Freitas and Oliveira [48] evaluated the cycle of C. langdorffii and verified that 16 reproductive events were needed to produce another tree, which in addition to unsustainable forestry and climatic changes, could lead to Copaifera population reductions in natural forests.
Effects of Reduced-Impact Logging on Spatial Distribution of Copaifera
The distance of saplings and seedlings from Copaifera trees was significant in relation to mortality and survival probability, which is related to the type of spatial distribution. The spatial distribution observed was aggregate, where the greater part of the regeneration is concentrated around the Copaifera. Aggregate spatial distribution observed in regenerating Copaifera has been also reported by Resende et al. [13] and Herrero-Jáuregui et al. [8] . The barochory dispersion, predominant for Copaifera [40] , and the average rate of germination (80%) [41, 49] favor the occupation of the space near Copaifera tree by saplings and seedlings. However, regeneration near the mother tree is most affected by herbivory, competition and predation [50, 51] , so these processes result in few individuals reaching adulthood. Higher rates of abundance, mortality and recruitment were observed near the Copaifera trees, decreasing with increasing distance, as proposed by the theory of Janzen [50] . The distance from the Copaifera tree as well as availability of resource and specific microclimatic conditions from gap formation also influence dispersion patterns [52] . In this study area, the taller Copaifera saplings were observed at distances of 20-50 m from the mother tree, where saplings could have benefited from low competitive influence and consequently had higher growth rates than at other distances, a response also seen for other tropical tree species in canopy gaps [53] [54] [55] .
Conclusions
In this study, we demonstrated that RIL timber management appears to not negatively impact, at least in the short term, the regeneration dynamics of Copaifera spp., with recruitment and growth rates favored by the opening of the forest canopy to more light. Moreover, this was the first study to evaluate the impact of RIL on Copaifera regeneration dynamics in tropical forest. There is a need for longer-term studies to confirm the results reported in this study. Further study is also needed to assess the impact of timber and non-timber management (oil resin extraction) on phenological (flowering/fruiting) and reproductive processes, as well as population dynamics (germination, growth, mortality, and recruitment), as a way to support the management and conservation of forest environments and Copaifera species, in particular.
